rather than abolished could not be excluded because of the short life span of the NR1 KO mice . For the same reason, pattern formation at higher somatosensory centers (e.g., VPM and SI) could not be examined. To address these issues, we attempted to rescue the NR1 KO mice by ectopic expression of an NR1 transgene. Our assumption was that we may be able to produce mice in which the level of the expression of the transgenic NR1 gene is high enough to prolong life but is insufficient for pattern formation. We found this to be the case. Our results indicate that NMDA receptor-mediated processes are critically involved in pattern formation in the somatosensory system.
Results

Introduction of an NR1 Transgene with "High" Levels of Expression into NR1 KO Mice (NR1
Ϫ/Ϫ
HTg
؉/Ϫ Mice) Relatively high levels of NR1 expression were accomplished by employing a transgene in which a modified chicken ␤-actin promoter (CAG promoter; Niwa et al., 1991) drove the expression of the NR1-1a (an NR1 splice tive promoter (CAG promoter), rat NR1-1a cDNA, and SV40 early splice region/polyadenylation signal (pA). pNR2D-NR1 carries a pufounder mice transmitted the transgene through the tative NR2D promoter region and NR1-1a/pA. Transgenic lines HTg germline. We compared the levels of transgenic NR1 and LTg were generated by injecting the SalI-BamHI fragment of mRNA in 13 lines by Northern blot analysis using a pCAG-NR1 and the PacI-MluI fragment of pNR2D-NR1 constructs, transgene-specific probe (probe-T, Figure 1A ) and respectively, into fertilized eggs. Probe-R is designed to detect chose three lines (C26, C27, and C28) that displayed transgenic NR1 and wild-type NR1 but not mutant NR1. Probe-T is the highest levels of expression in the adult brain (data specific to the transgenes. Abbreviations for restriction enzyme sites: S, SalI; E, EcoRI; B, BamHI; P, PacI; M, MluI. Some EcoRI not shown). We mainly used the transgene-heterozysites on the CAG promoter and NR1-1a cDNA and SalI and BamHI gous C28 line (C28 ϩ/Ϫ or HTg ϩ/Ϫ ) for further studies.
sites on the NR2D promoter region are not shown.
Northern blot analysis showed that expression of the (n ϭ 12), respectively (at P35).
In situ hybridization of P0 (data not shown) and P8 males and females were fertile but were poor breeders. We analyzed genotypes of 64 newborn pups derived by brain slices (Figure 2A ) with an NR1-specific probe (probe-R, Figure 1A) mice appeared normal at P8 and P17 (data not shown). tion ( Figure 1B) . Thus, while the expression was detectable in both cortical and subcortical regions at P0, P8, In SI, the relative thickness of layers I-VI also appeared normal. and P20 in LTg ϩ/ϩ mice, the levels were between 7.5% and 46% of those of the corresponding regions in the In situ hybridization analysis of brain sections derived from P0 (data not shown) and P8 ( Figure 2A) 
wild-type and NR1
Ϫ/Ϫ HTg ϩ/Ϫ mice ( Figure 3 ). Interestresponse, was blocked by AP5 and showed an I-V relation similar to wild-type neurons ( Figure 4B , right). ingly, within the brainstem of NR1 Ϫ/Ϫ LTg ϩ/ϩ mice, we found differential levels of expression of the NR1 mRNA.
The synaptic responses measured in NR1
neurons showed that the fast, AMPA-mediated compoPr had very low levels of NR1 mRNA expression ( Figure  3J ). Within SpI, only the lateral part had relatively high nent was similar to that of wild-type mice (data not shown). In contrast, the slow NMDA-dependent relevels of NR1 mRNA expression ( Figure 3K ), whereas other regions of the nucleus showed very low levels sponses were expressed in a diminished way in the NR1 Ϫ/Ϫ LTg ϩ/ϩ neurons ( Figure 4B ). The I-V relation for (data not shown), similar to those seen in Pr. Finally, the NR1 mRNA expression in Cu was relatively high the isolated NMDA EPSCs showed that these currents were significantly smaller in NR1 Ϫ/Ϫ LTg ϩ/ϩ neurons ( Figure 3L ). 
LTg
؉/؉ Mice To investigate whether the transgenic NR1 gene reure 4C). Finally, we computed the ratio of NMDA responses to AMPA responses in each type of mouse and stores NMDA receptor function in the NR1 KO mice, we examined the presence of NMDA-mediated synaptic found that the ratio for the NR1 Ϫ/Ϫ LTg ϩ/ϩ mutants was 27% of that of wild-type mice ( Figure 4D ). responses in layer IV neurons of SI that receive direct input from the thalamus. We used the thalamocortical slice preparation ( Figure 4A dense overall CO staining delineated the body and face representation areas in SI, indicating that the overall The synaptic responses in neurons from the NR1
Ϫ/Ϫ
HTg ϩ/Ϫ mice were similar to those of wild-type mice orientation and shape of the somatotopic maps are not altered. But importantly, the whisker-related pattern was ( Figure 4B ). The isolated fast component of the EPSC, which corresponds to the AMPA-mediated response, absent ( Figure 5C ). Interestingly, the adjacent forepawrelated region displayed a normal pattern corresponding was abolished by the antagonist DNQX (10 M) and showed a current-to-voltage (I-V) relation comparable to digits and palm pads. In the thalamus, there were no detectable barreloids in VPM, but there was normal to wild-type neurons (data not shown). The slow component, which represents the NMDA receptor-mediated forepaw-related segmentation in VPL ( Figure 5F ). In shown). These phenotypes were consistent, and we did not see a single case that varied from the others. Disruption of the whisker-related cortical pattern was confirmed by Nissl and NADPH-diaphorase (NADPH-d) stains (Figures 6A-6D ). Nissl and NADPH-d stains showed the absence of cell clusters and the absence of NADPH dense patches, respectively, in the layer IV of SI. We compared pattern formation of large NR1
, normal size control (5.28 Ϯ 1.01 g, n ϭ 12), and small control pups (2.37 Ϯ 0.38 g, n ϭ 8), all at P8, by using CO staining. We did not find any difference in pattern formation in mice with the same genetic background despite differences in body weight. We also examined the whisker-related patterns in 2-to 4-week-old NR1 Ϫ/Ϫ LTg ϩ/ϩ mice (n ϭ 6), and the results were similar to that seen at P8 (data not shown). Hence, the disrupted pattern along the trigeminal pathway of NR1 Ϫ/Ϫ LTg ϩ/ϩ mice is not due to developmental retardation. It is also unlikely that ectopic expression of the NR1 gene in NR1 
and P43 (n ϭ 1) by CO staining and found that all of them had normal patterns at every level of the somatosensory pathway (data not shown).
In a second series of anatomical experiments, the LTg Ϫ/Ϫ mice on a large scale. Out of 217 P0 pups (from 31 litters), we found 58 NR1 Ϫ/Ϫ LTg ϩ/Ϫ . Among them, only these areas were densely stained. SpI showed five rows of rudimentary barrelettes only in the lateral portion of one survived for more than 1 day, even though for these matings we used many mothers that were able to nurse the nucleus ( Figure 5L ). In the dorsal column nuclei, Cu had normal forepaw-related segmentation (data not NR1
LTg ϩ/ϩ pups. In the subsequent 57 litters, we did mice at P8 (n ϭ 9, Figure 5B ) and older ages (P17 to adult: P1. Thus, the survival frequency (longer than 1 day) of NR1 Ϫ/Ϫ LTg ϩ/Ϫ mice was distinctly lower than that of n ϭ 8, data not shown). In the thalamus, we observed the whisker-related barreloids in VPM and forepaw-related NR1
LTg ϩ/Ϫ pup was healthy but small in size (3.38 g at P8), similar to segmentation in VPL ( Figure 5E ). In the brainstem, Pr ( Figure 5H ), SpI ( Figure 5K ), and SpC (data not shown) the NR1 Ϫ/Ϫ LTg ϩ/ϩ mice. We examined the trigeminal and dorsal column pathas well as Cu (data not shown) showed normal patterns. These observations were not peculiar to the single NR1 ways of this mouse at P8 by NADPH-d and CO staining ( Figure 7 ) and found no whisker-related patterns in SI transgenic line C28, because at least two other lines, C26 and C27, also promoted the formation of somato-( Figures 7B and 7C ), VPM ( Figure 7D ), Pr, and SpC (data not shown). In SpI, an immature patterning without any topic patterns in SI in the NR1 Ϫ/Ϫ background (data not shown). indication of rows was barely detectable (data not shown). Moreover, no detectable patterns could be observed along the dorsal column pathway ( Figures 7B-7D Discussion and 7F). Because all NR1 Ϫ/Ϫ LTg ϩ/ϩ mice (P8, n ϭ 12) had normal forepaw patterns at all levels and five rows
We previously produced NR1 KO mice in order to test the hypothesis that NMDA receptor-mediated activity of immature barrelettes in SpI, we think these differences are significant, even though the study was limited is required for pattern formation in the somatosensory system (Li et al., 1994) . However, these mice could not to only one NR1
LTg ϩ/Ϫ mouse. be kept alive beyond P2, so analysis was limited to BSTC, in which the patterns are formed relatively early Restored Somatotopic Patterns in NR1 Ϫ/Ϫ HTg ؉/Ϫ Mice in development compared to the thalamus or SI. In NR1 KO mice, focal applications of the lipophilic axonal We examined whether high levels of expression of a transgene of an NR1 splice variant, NR1-1a, not only tracer DiI to different rows of developing whisker follicles in early and late embryonic mice revealed that toporescues NR1 KO mice but also mediates the pattern formation in the somatosensory system. We found that graphic projections of trigeminal axons between the whisker pad and the brainstem trigeminal nuclei were both the whisker-related barrels and the forepaw-related receptors on patterning of somatosensory maps at the level of the thalamus or SI could not be examined. In the present study, we rescued the NR1 KO mice from neonatal death by introducing NR1 transgenes. In these mice, development of the somatotopic patterns depended on the level of the expression of the transgenes. In mice with high levels of NR1 expression, apparently normal patterns were formed throughout the somatosensory system. In contrast, the rescued mice with low levels of NR1 transgene expression lacked somatotopic patterns along the trigeminal pathway from BSTC all the way up to SI. In addition, in a single rescued mouse with The results presented in this paper confirmed and within cortical layers is similar to that of wild-type mice, but they do not segregate in layer IV (H).
strengthened previous conclusions that a sufficient level formation of barrelettes in BSTC (Li et al., 1994; Kutsuwada et al., 1996) . The possibility that the pattern formation in the NR1 KO mice is delayed rather than blocked not impaired. However, in the mutant mice, whiskerspecific patterning as assessed with CO histochemistry entirely is now unlikely, because NR1
LTg ϩ/ϩ mice did not exhibit barrelettes even at 4 weeks of age. and immunohistochemistry for extracellular matrix proteins was absent. This study demonstrated that at the It has been previously shown that application of AP5 or TTX (a sodium channel blocker) to the barrel cortex brainstem level, NR1 subunit expression is required for barrelette formation but not for overall topography of of newborn rats did not affect barrel formation (Chiaia et al., 1992; Schlaggar et al., 1993) . This failure may be trigeminal projections. On the other hand, due to neonatal lethality of NR1 KO mice, the role of functional NMDA related to the fact that in normal rats, barrels appear relatively early after birth, starting at P0 (Schlaggar and capable of rescuing the NR1 Ϫ/Ϫ mice and restoring apparently normal somatotopic patterns when it is ex-O' Leary, 1994) . Perhaps, the activity-dependent commitment to form barrels had already taken place before pressed at sufficiently high levels. the inhibition of the receptor activity by the applied drugs reached a critical threshold level.
Experimental Procedures
While our results show that NMDA receptor-mediated cellular mechanisms in formation of somatotopic patterns in the neocortex as well.
Generation of Transgenic Mice
How does the NMDA receptor-mediated activity serve
The transgenic founder mice were generated by microinjection of pattern formation in the somatosensory system? It is linearized constructs into C57Bl/6 ϫ CBA F2 (BCF2) or C57Bl/6 ϫ likely that NMDA receptor-dependent associative pro-BCF1 fertilized eggs as described (Hogan et al., 1986) . NR1 ϩ/Ϫ mice cesses such as long-term potentiation (LTP) and/or (Li et al., 1994) , which were backcrossed 7-8 times to C57Bl/6 (B6) strain (gifts of Dr. Y. Li), were used for the initial mating with founder long-term depression (LTD) are involved in the consolimice. Thereafter, offspring were maintained on mixed genetic backdation of synapses that receive coordinated inputs and ground between B6 and CBA. Genotyping of the mice was initially elimination of synapses that receive uncoordinated indone by Southern blotting of tail DNA. Tail DNA was digested with puts during development. At thalamocortical synapses EcoRI and hybridized with probe-R (AvrII-SphI 0.4 kb from pMSGof the rat SI, NMDA receptor-dependent LTP has been NR1), which is specific to the deleted region of the mutant NR1 reported to be inducible during the first postnatal week allele, and probe-N (1.8 kb EcoRI-HindIII fragment), corresponding to the phosphoglycerate kinase (PGK) promoter/neo gene. Probe-R (Crair and Malenka, 1995; Isaac et al., 1997) . In addition, detects 17 kb band for wild-type NR1 allele (Li et al., 1994 ) and 1.9 a preliminary study indicates that the developmental kb for the CAG-NR1 and the NR2D-NR1 transgenes ( Figure 1A ). periods during which LTD and LTP are inducible correProbe-N detects 12 kb band for the mutant NR1 allele (Li et al., spond to those in which barrelettes are formed and 1994). Later mice were typed by PCR analysis with a set of neo1 consolidated, respectively (Erzurumlu et al., 1997, Soc. primers (Li et al., 1994 ) and a set of NR1 primers (5Ј-AGCCCTTCAAG Neurosci., abstract).
TACCAGGGCCTGAC and 5Ј-AGCGGTCCAGCAGGTACAGCAT CAC, 160 bp, 240 bp, and no PCR products for transgenic, wildThe NR1 subunit is expressed widely in the developing type, and mutant NR1, respectively). Homozygosity of transgenic and adult brains (Watanabe et al., 1992; Monyer et al., 1995; Ehlers et al., 1996) . The expression of NR1 splice variants is differentially regulated in various brain reNorthern Blot Analysis gions during development (Hofer et al., 1994; In Situ Hybridization C, and 50 mg of diaminobenzidine in 100 ml of phosphate buffer at 37ЊC in a shaker incubator for 3-4 hr. Sections were then rinsed in In situ hybridization was done according to the protocol described by Simmons et al. (1989) with modification. Frozen brains (P8) and phosphate buffer, mounted on subbed slides, and coverslipped with an aqueous medium containing gelatin and glycerol. Brains from heads (P0) were cut at a thickness of 14 m in the sagittal or coronal planes in a cryostat. Sections were postfixed in 4% paraformaldedifferent groups of mice were cut and reacted the same day using the same solutions in a blind fashion. hyde in phosphate-buffered saline (pH 7.2) for 20 min before pretreatment. Hybridization was done at 52ЊC for 20 hr in hybridization For NADPH-diaphorase staining, brain sections prepared the same way as for CO histochemistry were incubated in a solution of buffer with 5 ϫ 10 5 cpm of 35 S-labeled RNA probe. Sections were washed in a series of SSC/DTT buffers of increasing stringency after 5 mg of nitroblue tetrazolium, 20 mg of NADPH (␤-nicotinamide adenine dinucleotide phosphate) in 20 ml of Tris buffer (pH 7.1) at RNase A treatment. The final wash was done in 0.1ϫ SSC, 1 mM DTT at 60ЊC for 30 min. The sections were exposed to hyper-beta 37ЊC in a shaker incubator for 2-3 hr. Sections were then rinsed in Tris buffer, mounted onto slides, and coverslipped with an aqueous max (Amersham) for 5 days and were then dipped in Kodak NTB2 nuclear emulsion followed by exposure for 4 weeks. After developmedium.
To visualize axonal projection patterns along the somatosensory ment, sections were stained with 0.25% thionin. Antisense probe was made from pSP72-ASp clone using SP6 RNA polymerase.
pathway, crystals of the lipophilic tracer DiI (Molecular Probes) were inserted into the trigeminal ganglion, principal nucleus, or VPM in pSP72-ASp was generated by inserting AvrII-SphI 0.4 kb (probe-R) of NR1 cDNA into XbaI-SphI sites of pSP72 (Promega). Probe-R can paraformaldehyde-fixed brains. Labeled brains were kept at 37ЊC for 2-4 weeks and then sectioned in a Vibratome, and labeling detect all splice variants of the NR1 gene. Expression patterns and levels were ascertained by several sets of reactions using one to patterns were photographically documented using epifluorescence and a rhodamine filter. three each of wild-type, NR1 Ϫ/Ϫ HTg ϩ/Ϫ , and NR1 Ϫ/Ϫ LTg ϩ/ϩ brains at P0 and P8. Brains of P0 NR1 KO mice were used as negative control.
To examine cortical cytoarchitecture, one wild-type and one NR1 Ϫ/Ϫ LTg ϩ/ϩ brain (P8) were embedded in paraffin, sectioned at For quantitation, we used sections that were processed simultaneously and exposed to an X-ray film. The signal levels in a given 15 m in the coronal plane on a rotary microtome, and stained with cresyl violet. region were obtained as the mean optical density and standard deviation (SD) calculated from two to three measurements from different sections of each brain (using the N.I.H. Image 1.6).
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